The present study reports temperature dependent rate constants 1 for the title reaction across the temperature range 213 to 293 K obtained in a Knudsen flow reactor equipped with an external free radical source based on the reaction C 2 H 5 I + H
best described by a three-parameter fit to the combined data set: 1 = (1.89 ± 1.19)10 −13 ( /298) 2.92±0.51 exp((3570 ± 1500)/ ), = 8.314 J mol −1 K −1 in the range 213-623 K. The present results confirm the general properties of kinetic data obtained either in static or Knudsen flow reactors and do nothing to reconcile the significant body of data obtained in laminar flow reactors using photolytic free radical generation and suitable free radical precursors. The resulting rate constant for wall-catalyzed disappearance of ethyl radical across the full temperature range is discussed. Highly correlated ab initio quantum chemistry methods and canonical transition state theory were applied for the reaction energy profiles and rate constants. Geometry optimizations of reactants, products, molecular complexes, and transition states are determined at the CCSD/cc-pVDZ level of theory. Subsequent single-point energy calculations employed the DK-CCSD(T)/ANO-RCC level. Further improvement of electronic energies has been achieved by applying spin-orbit coupling corrections towards full configuration interaction and hindered rotation analysis of vibrational contributions. The resulting theoretical rate constants in the temperature range 213-623 K lie in the range 10
Introduction
Reactions (R1) and (R2) may be found in textbooks and reviews of chemical kinetics as belonging to a class of elementary reactions, namely atom transfer or metathesis reactions involving atomic hydrogen or halogen whose activation energies were found to have small positive values [1] .
Some time ago, this convenient and simple classification as elementary reaction came into question because experimental work based on laminar flow tube kinetics coupled to photoionization mass spectrometric detection of alkyl free radicals and flash-photolysis resonance fluorescence of the resulting product atomic halogen strongly hinted at distinctly different activation parameters for atom transfer reactions [2] [3] [4] . In distinct contrast to the classical results these newer experiments yielded small negative activation energies. Together with the measured pre-exponential factors these more recent experiments resulted in large rate constants associated with a negative temperature dependence, in strong contrast to the small rate constants associated with a positive temperature dependence. Far from settled, the scientific community continues the search for a scientific reconciliation of this disagreement: the dividing line or discriminating difference between both groups of experiments seems to be that the newer results are all associated with UV (excimer laser) photolytic generation of free radicals using a suitable molecular precursor whereas the older results made use of thermal methods of free radical generation. The proponents of the negative activation energy/high value of the rate constant have performed a select few experiments at total pressures up to tens of Torr of He or N 2 that should have relaxed and thermalized the alkyl free radical after UV photolysis before Reaction (R1) or (R2) could have taken place. Needless to say that these high-pressure experiments also resulted in high values of the rate constant associated with a negative temperature dependence [4, 5] . However, there are exceptions to the rule where newer results obtained in laminar flow tubes connected to photolytic free radical generation have led to low rate constants coupled to positive temperature dependence for no obvious reasons. Examples are the free radicals C 3 H (propargyl) and CFCl
• 2 in their reaction with Cl 2 analogous to Reaction (R2) [6, 7] .
In addition, recent ab initio quantum chemical work on reactions like (R1) using the bromine analog have been found to be consistent with a negative activation energy over a fairly large temperature range, albeit at the exclusion of close numerical agreement [8] with published experimental results. In order to achieve agreement with the more recent high values of the rate constant such as 1 or 2 the potential well corresponding to the molecular adduct C 2 H + HI to date [9] , so that the work displayed here represents the first example for C 2 H • 5 . The reader is referred to Leplat et al. for a more detailed account of additional background for Reaction (R1) [10] , which presents an experimental measurement of 1 that is approximately a factor of 20 lower at 300 K compared to the results of Seetula et al. [11] . So far, sophisticated ab initio electronic structure calculations coupled to chemical-kinetic activation mechanisms have not been able to clearly distinguish between the two sets of results for hydrogen metathesis reactions that differ by factors of 20 and more for more complex alkyl free radicals [10, 12, 13] . We hope that future, hopefully imminent, developments will allow a quantitative evaluation of the two sets of results on the level of sophisticated ab initio electronic structure theory coupled to detailed chemical kinetic models.
In this work we have extended the temperature range of Reaction (R1) from ambient down to 213 K in order to confirm the temperature dependence obtained in previous work [10] . The emphasis of the present work is put on the kinetics of Reaction (R1), namely the reaction rate parameters (pre-exponential factor , activation energy a ), rather than the thermochemistry of ethyl free radical. It must be stated that the thermochemistry of ethyl was never really at the center of interest and did not constitute a point of contention for H-metathesis (transfer) reactions. This also becomes apparent when comparing the previously recommended results with the new measurements [10, 12, 14] . This is entirely understandable when one considers the used "strategy" based on the "Third Law" procedure: we compute the equilibrium constant at high temperature (600-700 K) by taking the ratio of the (measured) forward and (published) reverse rate constant and evaluate the thermo-chemical parameters at high temperature which subsequently are scaled down to 298 K. The reason for this apparent lack of sensitivity of the thermo-chemical parameters is the fact that both groups of disparate measurements of Reaction (R1), namely high ( [11] ) and low ( [10, 12] ) values, practically coincide at high temperature which leads to similar or even essentially identical equilibrium constants at high temperature. The present work is based on the validation work on ethyl free radical published by Leplat et al. in [10] such that typical validation experiments have not been repeated in the present work, namely the investigation of the reaction kinetics as a function of wall coating of the reaction vessel, the source of free radicals in the external radical source and mass balance considerations. As a disclaimer we would like to stress that the present work is based on the measurement of the disappearance of ethyl free radicals using the dedicated SPIMS experiment [14] in contrast to the Closed Shell Product (CSP) detection presented in [10] .
Experimental and theoretical procedures
The experimental technique used for the measurement of 1 (Reaction R1) closely follows our published procedure [10] using a dedicated instrument [14] based on single VUV photoionization mass spectrometric (SPIMS) detection of ethyl free radical. Both of these publications present a sketch of the experimental appara- 
a Calculated on the basis of nominal values (3.5 and 2.0 mm diameter, respectively).
tus. Briefly, ethyl free radical was generated upstream of the Knudsen flow reactor using Reactions (R3) and (R4). The microwave discharge (2.45 GHz) was set to 40-60 W power deposition in the tube leading to approximately
50% destruction of H 2 in a 20% H 2 in Ar mixture. Ar has been used as an internal standard for MS detection of ethyl free radical and stable species. The total pressure in the discharge and the downstream free radical mixing tube was in the range 0.1 to 0.3 mbar. The reactive flow containing ethyl free radical was subsequently admitted to the Knudsen flow reactor across a 1-2 cm long and 1-2 mm ID PTFE capillary. Two Knudsen flow reactors of different residence times have been used, namely reactors "a" and "c", where the former has been used in the past in the framework of technique validation and collection of kinetic data at higher temperatures [10] . Reactor "c" was designed in order to adapt the reaction vessel to slower kinetics, thus longer gas residence time that was expected with decreasing temperature. The reactant hydrogen iodide is admitted to the reaction vessel by means of a second capillary inlet line and interacts with ethyl free radical for the first time inside the Knudsen flow reactor without prior interaction. Characteristic parameters of both FEP-coated Knudsen flow reactors are given in Table 1 . Experiments have been performed at different temperatures in the range 213-293 K thanks to a cooling unit (HAAKE Phoenix II P2-CT90W) with an external pump, through which the cooling fluid ethanol was pumped through PVC tubing wound around the insulated body of the reaction vessel. The temperature was monitored by two type K thermocouple elements whose readings agreed to within ± 2 K. The calibration of the escape rate constants for both reaction vessels has been described in detail before [10] . In order to determine the two unknown rate constants of the present reaction system, namely 1 and C 2 H 5 , we need to collect two linearly independent data sets which is the reason for the use of two reaction vessels of significantly differing geometry or gas residence times.
VUV-photons were obtained by discharging pure H 2 in order to obtain essentially pure Lyman-radiation at 121.5 nm (10.2 eV) as a source of photoionization of molecular species. Previously we had varied numerous experimental parameters such as the ethyl free radical precursor (C 2 H 5 I, C 2 H 6 ) and corresponding reaction (I vs. Cl abstraction) leading to the generation of thermal ethyl free radicals, reaction vessel coating (Halocarbon wax 15-00, FEP (Fluorinated Ethylene Propylene polymer) coating), VUV photolysis frequency (H 2 vs. Cl 2 discharge lamp), mass balance and data treatment (decay of ethyl free radical vs. observation of closed shell products from Reaction (R1), recombination and disproportionation of ethyl radical) to find out that the obtained rate constant of interest ( 1 ) was invariant to all these changes. Therefore, we decided to forego the validation of the method and selected a unique set of conditions described above.
The used gases and liquids were provided by Messer (Ar ≥ 99.998%, H 2 ≥ 99.995%) and Sigma Aldrich (C 2 H 5 I ≥ 99%). The HI was prepared according to the procedure described by Dillon and Young [15] . Both condensable gases (HI and C 2 H 5 I) were purified and degassed by using several freeze (77.36 K)-pumpthaw cycles. The HI was stored in a glass bulb which was painted black in order to minimize photolytic decomposition into I 2 and H 2 .
Geometry parameters for reactants (HI and
and intermediate species (transition state (TS) and molecular complexes in the forward (MCR) and reverse (MCP) directions) were optimized with the coupled cluster method using both single and double substitutions (CCSD) [16] [17] [18] [19] , Dunning's double-correlation consistent basis set cc-pVDZ for H and C atoms [20] and Peterson's pseudo potential basis set of the same class on iodine [21] . Vibrational frequencies were calculated numerically at the same level as the one used for geometry optimizations using the rigid rotor-harmonic oscillator (RRHO) approximation. Vibrational frequencies and zero-point energy corrections have been scaled by 0.947 [22] to compensate for the errors arising from the anharmonic character of vibrational modes and the approximate electronic structure description. Intrinsic Reaction Coordinate (IRC) calculations have been performed using the algorithm [23, 24] available in the GAUSSIAN program [25] . The low frequency vibrational modes corresponding to hindered (internal) rotations may cause substantial errors in the calculations of molecular partition functions and thermodynamic properties when treated in the standard rigid rotor-harmonic oscillator (RRHO) approximation [26] . Therefore, we adopted a simple one-dimensional (1D) hindered rotor model developed by Pfaendtner et al. [27] as implemented in the code Calctherm [28] . In this approach, the one
dimensional Schrödinger equation is solved for each internal rotation, giving the energy levels to compute corresponding partition functions and, finally, enabling one to obtain the correct thermodynamic properties. The whole procedure consists of 1) calculation of the hindrance potential of a particular internal rotation, 2) the energy potential fit to a Fourier series expansion, 3) calculation of the reduced moment of inertia, and 4) solving the above-mentioned Schrödinger equation. In this work, the rigid scans of potential energy profiles corresponding to internal rotations in the • C 2 H 5 , MCR, TS, MCP, and C 2 H 6 structures were calculated at the CCSD level in combination with cc-pVDZ basis set on all atoms (in the case of iodine, the pseudopotential basis set of the same quality was used). The scanning variable -dihedral angle -has been incremented by 10 ∘ in each step.
For all structures, we have identified as internal rotations the rotations of the CH 3 and CH 2 groups, respectively, about the C-C single bond. The frequencies of the vibrational modes (at CCSD/cc-pVDZ, without scaling) treated as internal rotations are 151 cm
(MCP), and 326 cm −1 (C 2 H 6 ). The height of energy barrier increases from
) and MCP (13.5 kJ mol
and subsequently increases slightly upon formation of the final product C 2 H 6 (13.7 kJ mol −1 ). The calculated internal rotation barrier in C 2 H 6 is slightly higher than the experimental value (12.0 ± 0.5 kJ mol −1 ) [29] . Regarding the symmetry of rotation, the symmetry number 3 could be unambiguously attributed only to the internal rotation of CH 3 about C-C in the C 2 H 6 molecule. In the case of the other structures, the CH 3 rotating top was considered as asymmetric (symmetry number of 1) owing to the presence of the iodine atom in the corresponding systems (i.e. the three C-H bonds in CH 3 are not equivalent in MCR, TS, and MCP) and their overall point group symmetry ( 1 ). The CH 2 group is asymmetric with respect to the rotation about the C-C bond in the • C 2 H 5 structure (symmetry number 1) because the two H atoms in CH 2 and both C atoms in the ethyl free radical are not lying in a common plane. Single-point energy calculations have been performed employing the singlereference coupled-cluster theory including single, double, and non-iterative triple substitutions (CCSD(T)) as implemented in the MOLCAS7 program [30] . Scalar relativistic effects were incorporated using one-component second-order DouglasKroll-Hess approach (DK-CCSD(T)). When calculating the triple-excitation contribution for open-shell species we have used the spin-adaptation procedure of the The semi-core correlation of the 4d electrons on iodine is automatically included when using ANO-RCC sets in MOLCAS. In order to judge the quality of the singlereference CCSD(T) approach we have carefully monitored the absolute values of the 1 and 2 excitation amplitudes. In all species they were well below 0.1. This is a fairly safe threshold for the evaluation of the applicability of the single-reference approach in coupled cluster theory and was thoroughly analyzed by Urban and coworkers [32, 33] .
The effects of higher excitations on the coupled cluster energies have also been evaluated using the continued fraction approximation (cf) as proposed by Goodson [34] . This method works quite well even for stretched bonds typical for TS, and is applicable for molecules with smooth convergence in CCSD.
The inclusion of the spin-orbit (SO) correction is important for studying the energetics of iodine-containing species [9, [35] [36] [37] [38] [39] . The SO effects have been calculated as described in our previous studies [9, 35, [37] [38] [39] using the restricted active space state interaction method (CASSCF/CASPT2/RASSI-SO [40] , shortly CASPT2/RASSI-SO), employing the complete active space (CASSCF) wave function as a reference and using the correlation energy contributions from multistate second-order multi-configurational perturbation theory (CASPT2) [41] . Our SO corrections are −1.7, −2.1, and −27.0 kJ mol −1 for MCR, TS, and MCP, respectively, while the values for atom and HI were −30.0 and −2.3 kJ mol −1 as calculated in our previous work for the reaction of HI with CH 3 radical [9] . It is worth noting that the SO corrections for MCR and MCP are close to the ones obtained for reactants and products with differences amounting to less than 3 kJ mol −1 . In response to a referee comment we also tested the geometry dependence of the SO corrections. This dependence could be significant for HI or for MCR and TS, both may be regarded as HI perturbed in the presence of
• C 2 H 5 radical. We calculated the potential energy curves for HI around the minimum both for spin-free and SO-corrected CASPT2 energies. HI is a good test because its SO correction of 2.28 kJ mol −1 is important when going towards TS. The plot of the HI energy relative to its SO-corrected minimum in the range 1.4-2.1 Å is displayed in Figure S1 of the Supporting Information. The geometry effect is marginal around the minimum and starts to rise only slightly for the stretched bond, as the free atom character of
• I atom becomes more important. MCP mainly consists of iodine atom that is slightly perturbed by the presence of C 2 H 6 being a weakly bound complex of the type "closed-shell" interacting with an atom, so its effect on the SO correction on atomic iodine is also marginal. The test showed that the geometry effect on the SO correction does not play a significant role for the reaction at hand. Although we were using fairly large basis sets for single point energies, it was useful to at least estimate the so-called basis set superposition error (BSSE). BSSE has been calculated using the modification of the original Boys-Bernardi [42, 43] counterpoise (CP) correction as proposed by Xantheas [44] . This modification takes into account the geometry relaxation when going from the subsystems to the supersystem. The CP correction is only applicable to weakly bound molecular
complexes but not to the transition state, where it can lead to discontinuous potential surfaces [45] . The CP correction estimated in this way represents the magnitude of the error bars for reaction barriers.
The rate constant 1 for the reaction between HI and C 2 H 5 involves a hydrogen-bonded adduct in the forward and reverse directions. It was initially analyzed according to the scheme advocated by Singleton and Cvetanoviç [46] for pre-reactive complexes and has been already detailed elsewhere for the HI + CH • 3 reaction [9] . The molecular adducts or complexes are called MCR and MCP depending on whether these adducts are closer to the reactants (entrance channel) or products (exit channel) and are sometimes called inner or outer complexes depending on the direction of reaction.
In this work, the rate constant has been calculated using two different mechanisms: -direct mechanism:
-complex mechanism:
For the direct mechanism, the rate constant 1 ( ) is calculated using the classical transition state theory (TST) [47] [48] [49] as:
For the complex mechanism, the rate constant 1 ( ) may be obtained from the following equation:
where 1a,1b is the equilibrium constant between MCR and the reactants taking into account Reactions (R1a) and (R1b), and 1c is the rate constant for Reaction (R1c). The application of basic statistical thermodynamic principles for the calculation of 1a,1b = 1a / 1b and the TST formula to calculate 1c leads to the following equations:
In above equations, R ( ), MCR ( ) and TS ( ) correspond to the total partition functions of the reactants, the pre-reactive complex MCR, and the TS at temperature , respectively, while R , MCR , and TS are the total energies at 0 K including the zero-point energy corrections. ( ) indicates the transmission coefficient used for the tunneling correction at temperature ; B and ℎ are the Boltzmann and Planck constants, respectively. The tunneling correction was calculated assuming an unsymmetrical onedimensional Eckart function barrier [50] . This method approximates the potential as a one-dimensional function that is fitted to reproduce the zero-point energy corrected barrier, the enthalpy of reaction at 0 K, and the curvature of the potential at the transition state. In the case of the reaction of HI with
• C 2 H 5 , the tunneling corrections are negligible over the studied temperature range ( ( ) = 1.00). The GPOP program [51] was used to extract information from Gaussian output files, to estimate the Eckart tunneling corrections, and to perform the rate constant calculations over the temperature range of interest.
Results and discussion
The significant elementary processes are represented by Reaction (R1) and the following three reactions (R5 to R7):
We shown before that these four reactions represent the complete set of elementary reactions under the chosen experimental conditions of molecular flow in the Knudsen flow reactor in the range 293 to 623 K [10] , which is also valid for t-butyl free radical (t-C 4 H • 9 ) [12] . It turns out that this also holds for ethyl free radical for the present low temperature range (213-293 K) as no significant reaction paths other than those given above have been discovered. In analogy to Leplat, Wokaun and Rossi [10] the analysis of the present reaction system makes use of the flow balance displayed in Equation (5) after establishment of steady-state conditions in the Knudsen flow reactor: (Table 6 in [10] ) have been included in order to decrease the uncertainty in the rate parameters.
− (
As discussed before [10] the ratio
of the MS signals for ethyl free radical in the absence and presence of HI, respectively, is given in close approximation by Equation (6) as a function of the HI concentration:
The slope of the ratio where both 1 and C 2 H 5 (see Table 2 ) are unknown in contrast to the escape rate constant C 2 H 5 that has been measured for both reaction vessels "a" and "c" (see above). We need to point out that we routinely observed the recombination product n-C 4 H 10 in reactor "c" at all chosen flow rates whereas for reactor "a" the observation of n-butane was possible only at the highest flow rates owing to the smaller gas residence time. This is synonymous with a smaller partial pressure of ethyl free radical leading to a smaller rate of recombination/disproportionation. In contrast, Benson and coworkers were unable to observe n-butane from ethyl free radical recombination in a Knudsen flow reactor at concentrations similar to the present work [52] . The reason for this still represents a mystery, all the more so as the used mass spectrometer is identical to the presently used one (Balzers QMG421, QMA400 analyzer). Figure 1 displays the rate constants as an Arrhenius plot where the green and red points correspond to results obtained using reactor "a" and "c" by setting Figure 1 . In order to obtain higher quality rate parameters based on an Arrhenius plot we have included in Figure 1 two additional points from a previous publication using Reaction (R1) and the identical reactor ("a") as well as reaction conditions (see Table 6 in ref. [10] ). There are 14 points displayed in Figure 1 for reactor "a" (green triangles) whereas Table 3 only lists 12 points newly obtained in the present work. The remaining Figures display all points obtained using reactors "a", "b" and "c" from present and previous work [10] . Analogous to previous, but recent work on Reaction (R1) reported by Leplat [10] we conclude that C 2 H 5 must be small relative to C 2 H 5 . We decided to take into account C 2 H 5 in the evaluation of 1 in order to clearly separate both rate constants and obtain a unique value of both 1 and C 2 H 5 for the existing data obtained in both reaction vessels. We first establish the individual slopes and given in Equation (7) by taking the averaged values for the rate constants from the two corresponding Arrhenius expressions displayed in Figure 1 . From the ratio
as a function of HI concentration for reaction vessels "a" and "c" we obtain the individual slopes of the straight Arrhenius lines as follows:
where superscripts "a" and "c" refer to data pertaining to reaction vessels "a" and "c". The goal therefore is to obtain values of 1 and C 2 H 5 that are independent of the reaction vessels used in the determination of the kinetics. This is achieved algebraically by applying Equations (8) and (9), which will yield the desired values of 1 and C 2 H 5 given the "local" values of 1 ( 1 , 1 ) and
for the two reaction vessels "a" and "c". Figure 2 presents an Arrhenius plot with the current data (red and green symbols) in which the previously measured values of 1 at high temperatures [10] have been added (blue symbols). Table 3 displays the specific reaction conditions for reaction vessels "a" and "c" with additional details given in Table A1 (Appendix). Figure 3 presents an Arrhenius plot of 1 obtained in previous [10] and present work together with the available literature values of Seetula et al. [11] and Hartley and Benson [53] . It is obvious that the data represented by the blue squares do not follow a simple straight line, and the extended temperature range of the Knudsen flow reactor 
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a Corresponding ethyl free radical wall-loss reaction constants w for ≥ 293 may be found in [10] . data necessitates the introduction of an additional parameter in order to suitably describe the temperature dependence of 1 . This point is emphasized in Figure 4 which displays a straight Arrhenius line in comparison with a three-parameter fit of the temperature dependence of the consolidated data for 1 obtained using a Knudsen flow reactor in previous [10] and present work. The simple twoparameter and three parameter fits are given in Equations (10) 
In view of the sizable temperature range 213 to 623 K, it is unsurprising that equation (11) is a better representation of the temperature dependence of 1 compared to Equation (10) as displayed in Figure 4 . In any case, the present low-temperature data for 1 obtained in a Knudsen flow reactor seem to confirm the low rate con- Appendix Table S1 for complete information). The rate constant 1 includes correction for ( 66 stant associated to a small positive activation energy in contrast to data obtained in laminar flow tubes using pulsed photolysis from a suitable precursor ( [11] and Figure 4 ). Of note is the negative temperature dependence of the exponential term in the three parameter fit that may not be confused with an Arrhenius activation energy. Apparently the increase in the rate constant with temperature is "distributed" between the ( /298) n and the terminal exponential term. [65, 66] . Uncertainties reflect the disagreement between the studies of Hunter and Kristiansson [65] and Hayes and Strong [66] . Table 3 and in reference [10] (Table 6 ). a The parameter is defined as the ratio of the increase in the length of the bond being broken and the elongation of the bond being formed, each with respect to its equilibrium value in the reactant and the product. SO is the spin-orbit contribution of the iodine atom in different stages of the reaction.
Wall reactions
In addition, it is worthwhile to take a closer look at the "other" rate-constant falling out of the evaluation of the raw data 1 and 1 , namely C 2 H 5 . The discussion of this point is rarely undertaken in the literature for reasons unknown because formal algebra leads to an equal weight of both resulting rate constants and therefore 1 does not carry more weight than C 2 H 5 . Table 2 together with corresponding data from [10] (Table 4) reveals that C 2 H 5 increases with decreasing temperature in a systematic way, in seeming contrast to the case of t-
free radical (see Table 3 in ref. [12] ). After scaling (down) the high temperature data (298 to 623 K) [10] , one observes an increase of the present low-temperature and previous high-temperature measurements were temporally spaced apart by several months during which the state of the surface coating of the reaction vessels may have changed considerably. Frequent use of the reaction vessel usually leads to a decrease in C 2 H 5 owing to passivation of the walls. Conversely, a scaling up of the present low-temperature values might have been undertaken with equal justification. In terms of a qualitative interpretation one may state that the observed increase of wall-loss of ethyl free radical with decreasing temperature by a factor of two probably has to do with increasing
physi-sorption of ethyl on the cold FEP-coated internal vessel walls at low temperature. This behavior is analogous to benzyl (C 7 H
• 7 ) free radical inside a Knudsen flow reactor that physi-sorbs onto the ambient temperature vessel walls from which it may be desorbed back into the gas phase by heating the walls of the reaction vessel [54] . It may, however, be difficult to compare the absolute values of C 2 H 5 resulting from this work with corresponding values originating from laminar flow tube work. Taking the work of Seetula et al. as an example for ethyl free radical [11] , one is led to the following conclusions: the absolute value of
is roughly a factor of 15 to 20 larger than the present value at 293 K, similar to the increase in 1 . In addition, there does not seem to be a systematic variation with temperature nor a dependence of C 2 H 5 on the type of surface coating. This raises the question as to the nature of C 2 H 5 obtained in the laminar flow tube experimental series of measurements and whether C 2 H 5 may be compared to the present measurements. Second-order wall reactions between adsorbed reactants are often invoked in cases where at least one of the reactants are "sticky" which means that its adsorption lifetime or surface residence time on the vessel wall is of the same order of magnitude or larger than the gas residence time. However, we have not observed any kinetics that would suggest such second-order wall reactions for the reaction of interest throughout the used temperature range. A look into typical literature values for wall-loss rate constants of free radicals may be helpful in this regard when dealing with similar free radicals studied by applying either discharge-flow techniques such as laminar flow tube or Knudsen flow reactors. All reaction vessels had some sort of coating to minimize free radical wall losses. Starting from low to high absolute values of the wall-loss rate constants we have
in a typical discharge flow-resonance fluorescence apparatus [55] . This is not too surprising because ground state oxygen atoms at low-to ambient temperatures are thermally nonreactive. Mellouki et al. have measured . It is not clear from the report whether or not the values follow some sort of temperature dependence or whether the given limits are associated with a high or low temperature. A discharge-flow study of the selfreaction of IO • at 300 K by Vipond et al. [58] led to IO = 6-8 s −1 whereas a study of
free radical reactivity with O 2 performed by Dobé et al. [59] resulted in CH 2 OH = 29±5 s −1 . In this latter study the pseudo first-order rate as a function of the oxygen concentration linearly went through the origin despite the propensity of
• CH 2 OH free radical to lose atomic H to convert into CH 2 O. Based on the straight first-order line one may have concluded that fast wall-catalyzed reactions of
• CH 2 OH were absent. However, the published value given above resulted from computer simulations that "needed" a significant wall-loss for
• CH 2 OH (hydroxymethyl free radical). At the limiting upper end of wall-catalyzed loss reaction rate constants for ethyl radical we may cite a study by Golden et al. that dealt with the recombination of ethyl free radical at higher temperature in a gold-coated Knudsen flow reactor with C 2 H 5 = 11 and 17 s −1 at 843 and 878 K, respectively [60] .
Finally, Dobis and Benson generated ethyl free radical through H abstraction by atomic Cl • in a Knudsen flow reactor [61] in the range 203 to 343 K. In agreement with our present results they did not report a value for C 2 H 5 , simply because it is too small a value to be measured in the complex C 2 H 6 /Cl
• chemical system. However, they did not observe the ethyl recombination product n-C 4 H 10 whereas the disproportionation products C 2 H 6 and C 2 H 4 were easily observed.
The reason for the opposite temperature dependence of for ethyl obtained in the present and previous [10] study and t-butyl free radical [12] , namely decreasing and increasing with temperature, respectively, is by no means clear but may have to do with fast secondary reactions of atomic chlorine with n-butane, the recombination product. Of note is the identical C-H bond strength for both free radicals leading to the corresponding olefin, which therefore cannot be used as a guide for the differing temperature trend of radical stability. In conclusion, the large value of C 2 H 5 obtained in the laminar flow tube work of Seetula et al. [11] is not unusual in comparison to similar investigations of other free radicals, although it is rather large at the high-end of the range and does not have a definite temperature trend as C 2 H 5 resulting from the present study. This raises the question whether or not the mechanism is identical to the one observed in Knudsen flow reactors. Of note is further the low absolute value of C 2 H 5 throughout the studied temperature range investigated in this and the previous work on Reaction (R1) [10] . Both 1 and C 2 H 5 seem to be a factor of approximately 20 larger in the work of Seetula et al. [11] compared to the results of the present combined with the previous study [10] (Table 2) .
Theoretical calculations
All molecular data relevant to ab initio calculations are summarized in Tables 4  and 5 and also in Supplementary Information, Tables S2 to S8 and Figure S1 . The energy profile for Reaction (R1) is displayed in Figure 5 and is based on data presented in Table 5 . Similar to the bromine analog of Reaction (R1), namely C 2 H • 5 + HBr, presented by Golden et al. [8] , the present electronic structure cal- Table 5 (reaction enthalpy Δ 0 r at 0 K equals free energy change at 0 K on ordinate. Of note is the fact that the ordinate is "broken", that is discontinuous between "TS" and "MCP"). MCR, TS and MCP correspond to Molecular Complex in the entrance channel, Transition State and Molecular Complex in the exit channel when following the reaction from reactants (C 2 H Table 5 , footnote e) is in excellent agreement with its experimental counterpart (−124.49 kJ mol −1 , Table S5 ). Figure 6 presents the computed 1 values as a function of temperature for different levels of theory, both for the direct and complex mechanisms. We also tested the influence of the kinetic theory using variational transition state theory using the direct mechanism and the rigid rotor harmonic oscillator (RRHO) approximation [62] as implemented in the GPOP software [51] . 50 points on the Minimum Energy Path (MPE) were used (25 and 25 in the forward and reverse directions, respectively). For all these points, SO effects are close to that of the TS structure, the difference between the edge points in MPE does not exceed 0.6 kJ mol in the Appendix, Tables S6 and S7 . The best agreement is achieved for the complex pathway and the hindered rotor treatment of the internal rotations, both in the transition state TS and the MCR adduct. The corresponding broken red line in Figure 6 comes closest to the average of the high temperature experimental data for 1 and is approximately larger than the average taken at 300 K by a factor of five. The corresponding harmonic oscillator model as well as the direct reaction pathway results liee significantly below the calculated values of 1 and rejoin the experimental data in the neighborhood of 400 K. However, the temperature trend of 1 is not captured correctly in this low temperature range although every theoretical treatment of varying complexity dealing with this kind of chemical activation mechanism shows this negative temperature dependence at variance with the experimental result in contrast to the situation for CH
• 3 + HI [9] . 1000/T (K -1 ) Comparison with the available two sets of literature data that do not provide the associated uncertainty limits of the experimental data.
However, all calculations switch to a positive temperature dependence of 1 at some higher temperature, the turnover temperature being a function of the type of calculation. However, Figure 6 also shows that the present four different theoretical calculations of 1 are significantly below the experimental data of Seetula et al. [11] even though theory captures well the general negative temperature dependence from the lowest temperature to 550 and 625 K, depending on any of the four methods (see numerical values in Appendix Table S6 ). Unlike the situation with CH
• 3 + HI [9] , sophisticated theory is unable to clearly decide which experimental data of Reaction (R1) are accurate. The methyl + HI work just mentioned clearly seems to agree with the recommended rate constants whose values at ambient temperature are lower by a factor of six compared to laminar flow work by Seetula et al. [11] whereas in the present case the situation is not as clear cut as in the methyl radical case. Nevertheless, it seems that the absolute value of 1 is • | 1497 more in agreement with the present data set whereas the temperature dependence seems to speak for the accuracy of the data of Seetula et al. [11] . In short, theory and experiments are at odds with each other. Figure 7 finally shows the results for the inverse of Reaction (R1), namely −1 as a function of temperature calculated by the four variants listed above, namely direct and complex pathways, both using harmonic oscillators and hindered rotors. The corresponding numerical values may be found in Appendix Table S7 . The inverse rate constant −1 has been found by dividing 1 by the overall equilibrium constant = 1 / −1 for the equilibrium C 2 H • 5 + HI C 2 H 6 + I
• . Figure 7 shows the excellent agreement of the theoretical results pertaining to both the complex and direct mechanisms coupled to the hindered rotor treatment (broken red and blue lines in Figure 7 ) with the measurements of Knox and Musgrave of −1 [63] whereas the agreement is less good for the calculations using the harmonic oscillator approximation. The agreement with the data of Hartley and Benson is poor as all calculated −1 values using the hindered rotor model lie significantly above the experimental results [53] . A reaction dynamics or collisional model approach for the reaction CH • avoids transition state theory altogether and achieves excellent agreement with experimental kinetic results over the temperature range 150 to 1000 K although a switch between the two collisional models has to be operated "by hand" at 400 K [64] . The character of the model changes with temperature because for < 400 K the reaction mechanism follows a complex-forming pathway whereas at > 400 K a direct mechanism leads to a slight positive T-dependence of the rate constant. The minimum energy path of the reaction includes a distinct local minimum in the entrance and exit channels that are significantly larger compared to the present iodine-containing system. The model also explains the vibrational excitation of the product CH 4 for the direct high-temperature mechanism in contrast to negligible vibrational excitation for the complex-forming model. The model nicely demonstrates the vastly different lifetimes for the two mechanistic alternatives, that is direct vs. complex that may perhaps be amenable to experimental distinction.
Conclusions
Thermodynamic and kinetic parameters of the title reaction were studied using a composite approach based on CCSD optimizations and CCSD(T) single-point energy evaluations with the large ANO-RCC basis set, followed by a number of small energetic corrections. The calculated standard reaction enthalpy at 298 K (−125.45 kJ mol −1 ) is in excellent agreement with the literature value (−124.49 ± 2.13 kJ mol −1 ). Predicted rate constants based on canonical transition state theory including an asymmetric Eckart tunnelling correction are in good agreement with most of the literature data for the forward and reverse reactions. Experimental data of Reaction (R1) taken over a large temperature range seem to agree better with the absolute values of the hindered rotor model for the complex-forming reaction mechanism whereas the associated slightly negative temperature dependence matches the laminar flow tube data of Seetula et al. [11] . Both values of 1 and C 2 H 5 at ambient temperature obtained in the present study are smaller by approximately a factor of 20 compared to Seetula et al. [11] albeit without showing a clear temperature dependence of C 2 H 5 in the latter work. Finally, at the present state of progress it is not possible to decide on the basis of a sophisticated quantum chemical model alone which of the two sets of experimental results, namely the work of Seetula et al. [11] or the present, is more accurate despite the rather large difference in 1 and C 2 H 5 at ambient temperature.
